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ABSTRACT: In ruminant animals, endogenous N
(EN) secretions contribute to meeting the N require-
ment of the ruminal microflora. The EN also constitutes
a sizable portion of the duodenal N flow, which might
be available to the host animal. Most measures of EN
have been accomplished with highly invasive tech-
niques or unusual semisynthetic diets. By utilizing a
statistical approach and data obtained from studies re-
porting duodenal, ileal, and fecal N flows in cattle, the
EN losses and true digestibility of N were estimated
for different segments of the gastrointestinal tract of
cattle. A simulation for a reference diet (24.2 g of N/kg
of OM, 32% NDF and carbohydrates of medium fermen-
tation rate) consumed at 2% of BW daily estimated that
the minimal contribution of EN to the N available in
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INTRODUCTION

Endogenous N (EN) secretions occur along the whole
gastrointestinal (GI) tract of animals (Fuller and Reeds,
1998). The EN enters the tract either as urea or protein
in secretions, or as sloughed cells (Van Bruchem et al.,
1989). In ruminants, EN entering the foregut supplies
ammonia and peptides to the microflora, which then
provides AA to the host animal. Although the contribu-
tion of N from this source is variable, it can account for
up to 60% of the ruminally available N (Siddons et al.,
1985). Whereas most of the effort to date to describe N
supply to ruminants has focused on characterizing the
different dietary fractions (Sniffen et al., 1992), EN has
received little attention (Lapierre et al., 2006), despite
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the rumen was 39%. The free EN represented 13% of
the duodenal N flow, and when bacterial N of EN origin
was considered, EN contributed 35% of the total N flow.
The minimal entry of EN into various segments of the
gastrointestinal tract was also estimated as: foregut,
10.54; small intestine, 3.10; and hindgut, 5.0 g/kg of
OMI. Rumen dietary N degradability was 0.68, and
true N digestibilities in the small intestine and hindgut
were 0.75 and 0.49, respectively. A better understand-
ing of the factors involved in EN losses will allow for
a more accurate estimation of both N supply and N
requirements. This will translate into improved accu-
racy of diet formulation and less N excreted into the en-
vironment.

its obvious significance for the ruminal microbial popu-
lation.

Current estimates of EN in ruminants have been
obtained using rather invasive approaches such as N-
free intragastric nutrition (Orskov et al., 1986) and di-
gesta exchange (Sandek et al., 2001), methods which
may disturb normal digestive function in the experi-
mental animals or by labeling of the animal with stable
isotopes (Ouellet et al., 2002). Because these methods
are labor intensive and expensive, they have provided
limited amounts of data on a small number of diets.

An alternative approach to estimate EN is by statisti-
cal regression of the N apparently digested, which has
been used successfully to determine true small intesti-
nal digestibility in pigs (Fan et al., 1995) and whole
tract digestibility and metabolic fecal N in ruminants
(Holter and Reid, 1959).

The objective of the present study was to analyze
published studies to estimate EN secretions and true
N digestibility in different segments of the GI tract
using statistical techniques. A better understanding of
the different factors involved in EN losses will allow
for a more accurate estimation of both N supply and N
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Table 1. Studies included in the database that was compiled1

Aldrich et al., 1993 Gunter et al., 19902 Remond et al., 2004234

Aldrich et al., 199534 Hannah et al., 19912 Robinson et al., 19942

Arieli et al., 200134 Hermesmeyer et al., 2002 Sadik et al., 1990
Barajas and Zinn, 1998 Herrera-Saldana et al., 1990 Sairanen et al., 2005
Beauchemin et al., 2001 Ipharraguerre et al., 20022 Scholljegerdes et al., 2004a2

Beauchemin et al., 20032 Ipharraguerre et al., 20052 Scholljegerdes et al., 2004b2

Bengochea et al., 20053 Ipharraguerre and Clark, 20052 Scholljegerdes et al., 20052

Bernard et al., 2004 Joy et al., 19972 Sindt et al., 200634

Berzaghi et al., 1996 Keery et al., 199334 Soto-Navarro et al., 2004
Bohnert et al., 1998234 Khorasani et al., 1990 Streeter et al., 1990a34

Bohnert et al., 2002 Khorasani et al., 19962 Streeter et al., 1990b234

Boss and Bowman, 19962 Khorasani et al., 20012 Sultan et al., 19922

Bourquin et al., 199434 King et al., 19902 Swingle et al., 199934

Callison et al., 2001234 Klusmeyer et al., 19902 Taylor and Allen, 20052

Cameron et al., 19912 Knowlton et al., 1998 Teller et al., 19922

Caton et al., 1991234 Koenig et al., 2003 Theurer et al., 19994

Cecava et al., 199034 Krysl et al., 19912 Tice et al., 1993
Cecava et al., 199134 Lardy et al., 1993 Valkeners et al., 20042

Cecava and Parker, 199334 Leupp et al., 200534 Van Vuuren et al., 1992
Choat et al., 2002 Ludden and Cecava, 199534 Van Vuuren et al., 1993
Christiansen and Webb, 1990 Mabjeesh et al., 199634 Voelker and Allen, 20032

Chung et al., 2006 May et al., 1991234 Yang et al., 19972

Coomer et al., 199334 Milton et al., 1997a2 Yang and Beauchemin, 20042

Corona et al., 2006 Milton et al., 1997b Zinn, 1990
Crocker et al., 19982 Moorby et al., 2006 Zinn, 1993a
Cunningham et al., 19942 Murphy et al., 19942 Zinn, 1993b2

Currier et al., 2004 Oba and Allen, 20032 Zinn, 1993c2

Doreau et al., 19932 Oliveira et al., 19952 Zinn, 1993d2

Elizalde et al., 1998 Olson et al., 19942 Zinn and Borques, 19932

Elizalde et al., 199934 Ouellet et al., 2002 Zinn and Owens, 1993234

Erasmus et al., 1992 Overton et al., 19952 Zinn and Plascencia, 19932

Galloway et al., 19932 Palmquist et al., 199334 Zinn, 1994
Garcia et al., 2000234 Philippeau et al., 19992 Zinn and Barajas, 1997
Greenfield et al., 2001 Poore et al., 19932 Zinn and Barrajas, 1997
Grigsby et al., 1992 Qiu et al., 2004 Zinn et al., 1998
Grigsby et al., 1993 Reed et al., 2006 Zinn et al., 2003

1The search was performed in the Journal of Animal Science and Journal of Dairy Science between
January 1990 and December 2006.

2Studies that included both duodenal ammonia and total duodenal N.
3Studies included in the model for prediction of N apparently digested in the small intestine.
4Studies included in the model for prediction of N apparently digested in the large intestine.

requirements, which will translate into more accurate
diet formulation and less N excreted into the envi-
ronment.

MATERIALS AND METHODS

Animal Care and Use Committee approval was not
obtained for this study because the data were assem-
bled into a database from previously published studies,
as described in the next section (Database Devel-
opment).

Database Development

The search for studies was circumscribed to the Jour-
nal of Animal Science and Journal of Dairy Science
between January 1990 and December 2006. The criteria
for study inclusion into the database (Table 1) were 1)
studies utilizing duodenally (or omasally) cannulated
cattle (with or without ileal cannulas), with a functional
rumen, which reported dietary and bacterial N, dietary

NDF and OM flows in and out of the rumen and small
and large intestinal segments of the GI tract, and 2)
those in which fecal N was determined. No a priori
rejection criteria were set. However, a treatment within
a study (Scholljegerdes et al., 2005) was excluded from
the analysis because of its high N content (75.5 g of N/
kg of OM).

The database comprised 29 studies with duodenally/
ileally cannulated cattle and 79 studies with duodenally
cannulated (or omasally sampled) cattle, 455 treatment
diets, and 2,249 animal-treatment observations. Diets
ranged between 3.9 and 52.1 g of N/kg of OM and be-
tween 10 and 80% NDF (Table 2). The 65 studies con-
ducted with growing-finishing cattle included 291 treat-
ment diets and 1,479 animal-treatment observations.
Body weight of the growing-finishing cattle ranged be-
tween 68 and 690 kg. The 43 studies with lactating
dairy cows included 164 treatments and 770 animal-
treatment observations. The dairy cows had BW be-
tween 450 and 717 kg and were between 21 and 221 d
in milk.
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Table 2. Characteristics of the database compiled

Animal characteristics Diet characteristics

Studies, Treatment Days in Milk, Animal weight, N, g/kg NDF, Grain, Intake level,
Cattle type n diet, n milk, d kg/d kg of OM % OM % diet % of BW daily

Lactating 43 164 Mean (SD) 116 (51) 26 (7) 597 (48) 29.9 (4.2) 36 (9.2) 38 (15.8) 3.0 (0.5)
cows Median 108 25 610 29.7 35 41 2.9

Minimum 21 13 450 19.6 13 0 1.4
Maximum 221 42 717 52.1 80 75 4.4

Growing/ 65 291 Mean (SD) 359 (121) 22.1 (6.3) 39 (21.6) 45 (32.2) 1.9 (0.4)
finishing Median 345 21.5 33 50 1.9

Minimum 68 3.9 10 0 0.5
Maximum 690 45.71 85 90 3.7

1A treatment within a study (Scholljegerdes et al., 2005) was omitted from the database due to its high N content (75.5 g of N/kg of OM).

Database Analysis

A multilevel model using the MIXED procedure (SAS
Inst. Inc., Cary, NC) was utilized to analyze the data.
Because observations within studies have more in com-
mon than observations across studies, study was ana-
lyzed as a blocking effect (St-Pierre, 2001). Further-
more, because the inferences made are for future stud-
ies, study was considered as a random effect.

The dependent variable, apparently digested N in
a particular GI tract segment, was recalculated and
expressed as grams per kilogram of OM entering that
segment. The continuous independent variables (Xk) in
the database were recalculated for the dietary k compo-
nents and expressed as follows:

N entering a GI segment, as g/kg of OM;
NDF entering a GI segment, as % of OM;
concentrate, as % of OM intake (OMI); and
level of intake or digesta flow, as OM entering the GI

segment per 100 kg of BW daily.

The rate of dietary carbohydrate degradation was
also included as a categorical independent variable (C)
with 3 levels, depending on grain type and grain pro-
cessing: slow (whole or cracked corn, whole or cracked
sorghum), medium (ground corn, ground sorghum), or
fast (flaked corn, wheat, barley). A fourth category
(without grain supplementation) was also considered.
The results, shown in Table 3, are in comparison to the
slow rate of fermentation.

To identify the most parsimonious model of N trans-
actions at each segment of the GI tract, the data was
fitted to the following general mixed model (St-Pierre,
2001), utilizing the corrected Akaike’s information cri-
terion for model selection (Burnham and Anderson,
1998):

Yis = � + ∑(βk × Xk(is)) + Cis + Ms [1]

+ ∑(Bks × Xk(is)) + eis,

where Yis = the expected outcome of the dependent vari-
able Y (apparently digested N, g/kg of OM, in a given

GI tract segment) observed in treatment i of the study
s;�= the overall intercept across studies (fixed effect);
βk = the overall regression coefficient for variable Xk
(fixed effect); Xk(is) = the value of continuous variable
Xk in study s, treatment i; Cis = the value of categorical
variable C (carbohydrate degradation rate) in study s,
treatment i; Ms = the random effect of study s; Bks =
the random effect of study s on the regression coefficient
of Y over Xk; and eis = the unexplained residual error.

The corrected Aikake’s information criterion (CAIC),
defined as

CAIC = −2ln(L) + 2k[n/(n − k − 1)], [2]

was used for model selection, where ln(L) is the log
likelihood, k is the number of parameters in the model,
and n is the sample size.

The first term of CAIC is based on Kullback-Liebner
information theory, which is related to the information
lost when a model is used to approximate the underly-
ing true model. The second term takes into account the
number of parameters included in the model as well
as the number of observations. The CAIC provides a
ranking for the models tested; the one with the lowest
CAIC value can then be selected for inference because
it is the model estimated to be closer to the unknown
function that generated the data (Burnham and Ander-
son, 1998). The CAIC, however, might include fixed
effects that, although they improve the overall fit of the
model, are not significant at P < 0.05.

The CAIC offers many advantages over the more clas-
sical model selection by hypothesis testing approach.
Stepwise procedures often yield different results if a
forward or backward algorithm is performed. Testing
schemes are based on subjective α-levels, sometimes as
high as 0.15. However, a large α-level leads to overfitted
models (Burnham and Anderson, 1998), resulting in a
reduction of the overall model bias but an increase in
the variance of the parameters and wider confidence
intervals for the estimated parameters. Although non-
nested models cannot be evaluated by hypothesis test-
ing, information criteria allow for the evaluation of any
type of model, provided they are based on the same data.
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Because least squares means of the variables are not
estimated with equal accuracy across different studies,
weighting the means using the inverse of the SE is
highly desirable (St-Pierre, 2001). In this analysis, how-
ever, data were recalculated and thus the SE of the
generated variables could not be estimated. The inverse
of the square root of n (number of observations in the
reported mean) was used instead (i.e., it was assumed
that all the studies shared the same variance for a
given variable).

Observed values of the dependent variables (Yis) come
from a multidimensional space, and because it is of
interest to represent the data solely as function of the
main variable of interest (N entering a particular seg-
ment of the GI tract), the value of the observations
was adjusted for the lost dimensions (St-Pierre, 2001).
However, this adjustment has to be done to a diet of
reference (described below) instead of forcing additional
variables to zero. The adjusted values for the dependent
variables (Ŷis) were also adjusted for study effect (ran-
dom effect) by rearranging the terms in Eq. [1] as
follows:

Yis − ∑(βk × (Xk(is) − RDk)) − (Cis − MF)

− Ms − ∑[Bks × (Xk(is) − RDk)] = [3]

� + βN × XN(IS) + eis,

and
Ŷis = � + βN × XN(is) + eis, [3′]

where Ŷis = adjusted value of the dependent variable
for the i treatment in the s study; and RDk = value of
the k component of the reference diet or digesta. The
reference diet composition, on an OM basis, was 32%
NDF, 40% concentrate of medium rate of fermentation,
and ingested at a rate of 2% of BW daily (level of digesta
flow at the duodenum and ileum was calculated utiliz-
ing similar meta-analytical techniques and for this diet
was 1.1 and 0.64% of BW daily, respectively); MF = the
adjustment of the carbohydrate fermentation rate to a
medium rate; βN = the regression coefficient for variable
XN; and XN = the value of the continuous variable N
entering the GI segment in study s, treatment i, and
the rest of the variables are as defined for Eq. [1].

Residuals of the mixed model were analyzed for nor-
mality (normal distribution plot) and homoscedasticity
(residual plot; shown in Figures 1, 6, 8, and 10).

The predictions of the fixed model were regressed
against the complete mixed model to evaluate the pre-
dictive value of the fixed effects of the model. A high
coefficient of determination (r2) indicates a small contri-
bution of the random component (study).

The OM disappearance in the rumen and small intes-
tine was analyzed utilizing the methods described
above (Table 3). The flow of OM in the digesta was
estimated and used to calculate the N content of the
digesta per kilogram of OM, which was then employed
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Figure 1. Prediction (�) of the fixed components of the mixed model vs. the mixed model prediction for total tract
digested N (TTD N). Residuals (o) of the mixed model are also shown in the graph. The linear regression was fixed
model = (0.96 × mixed model) + 0.72 (r2 = 0.940).

in the integration of N transactions along the whole
GI tract.

RESULTS

The total tract apparently digested N (TTD N) was
best predicted when N, NDF content of the diet, and
rate of carbohydrate fermentation were included in the
model (Table 3). The residual analysis of the mixed
model showed no trend, and residuals were normally
distributed around zero (Figure 1). The fixed compo-
nents of the model were able to explain most of the
variation (r2 = 0.94, Figure 1) of the mixed model, im-
plying that the effect of the random variable (study)
had a small impact on the prediction of TTD N. When
the adjusted TTD N was regressed against the dietary
N (Figure 2) it showed an intercept of −4.3 g of N/kg of
OMI and a slope of 0.84. Thus, for the reference diet
the true digestibility of N was 0.84 and the metabolic
fecal N (MFN) was 4.3 g of N/kg of OMI.

Duodenal N has been reported as total N or as nonam-
monia-N (NAN) by different authors. Because some
studies have reported both (Table 1), a direct relation-
ship between total N and NAN could be established
(Figure 3). Based on this relationship, data reported as
NAN were used to calculate total N entering the du-
odenum.

The mixed model that best described the ruminal
apparently digested N (RAD N) included N content of

the diet, intake level, and rate of carbohydrate fermen-
tation (Table 3). The residual plot of the mixed model
indicated residuals were normally distributed around
zero and no trend was evident (not shown). The fixed
model explained only 50% of the prediction made by
the mixed model (Figure 4). The adjusted RAD N, as
well as the raw data, plotted against the dietary N are
shown in Figure 5. For the reference diet, the ruminal
N apparent digestibility was 0.51 and the foregut ap-
parent EN was 13.4 g of N/kg of OMI.

The model for the prediction of ruminal truly digested
N, calculated as the difference between N intake and
duodenal N flow minus microbial N, included N and
NDF content of the diet, intake level, and rate of carbo-
hydrate fermentation (Table 3). The residual plot for
the mixed model showed residuals normally distributed
with mean zero, and no trend was evident (Figure 6).
The fixed model explained approximately 72% of the
predictions made by the mixed model. When the ad-
justed ruminal truly digested N was regressed against
the dietary N (Figure 7), it showed an intercept of −3.17
g of N/kg of OMI and a slope of 0.68. Thus, for the
reference diet the true ruminal digestibility of dietary
N was 0.68 and the EN reaching the duodenum was
3.17 g of N/kg of OMI.

The model for the prediction of bacterial N (BactN)
passage to the duodenum included N and rate of carbo-
hydrate fermentation (Table 3). The residual plot for
the mixed model showed residuals normally distributed
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Figure 2. Total tract digested N (TTD N) as function of dietary N content. Raw (crosses) and reference diet adjusted
(squares) data are shown in the graph. The regression equation for the adjusted data was TTD N = [0.84 (±0.006) ×
dietary N] − 4.31 (±0.148) g of N/kg of OMI (r2 = 0.979). Data were adjusted to a reference diet with a NDF content
of 32% and carbohydrates of medium fermentation rate, ingested at an intake level of 2% of BW daily.

Figure 3. Relationship between total duodenal N flow and duodenal nonammonia N. Data were obtained from 47
studies reporting 194 treatment diets. The intercept of the regression was not different from zero, and the regression
was forced through the origin. The resulting regression was y = [0.959 (±0.002) × total duodenal N] (r2 = 0.999).
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Figure 4. Prediction of the fixed components of the mixed model vs. the mixed model prediction for ruminal
apparently digested N (RAD N). Residuals of the mixed model were omitted from the graph for clarity. The linear
regression was fixed model = (0.51 × mixed model) − 0.05 (r2 = 0.503).

Figure 5. Ruminal N balance (ruminal apparently digested N, RAD N) as a function of dietary N content. Raw
(crosses) and reference diet adjusted (squares) data are shown in the graph. The regression equation was RAD N =
[0.51 (±0.011) × dietary N] − 13.36 (±0.292) g of N/kg of OMI (r2 = 0.819). The arrow represents the dietary N content
at which the ruminal N balance becomes zero. Data were adjusted to a reference diet with a NDF content of 32% and
carbohydrates of medium fermentation rate, ingested at an intake level of 2% of BW daily.
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Figure 6. Prediction (�) of the fixed components of the mixed model vs. the mixed model prediction for ruminal
truly digested N (RTD N). Residuals (o) of the mixed model are shown in the graph. The linear regression was fixed
model = (0.668 × mixed model) + 4.41 (r2 = 0.716).

Figure 7. Ruminal truly digested N (RTD N) as a function of dietary N content. Raw (crosses) and reference diet
adjusted (squares) data are shown in the graph. The regression equation was RTD N = [0.676 (±0.011) × dietary N]
− 3.17 (±0.292) g of N/kg of OMI (r2 = 0.895). Data were adjusted to a reference diet with a NDF content of 32% and
carbohydrates of medium fermentation rate, ingested at an intake level of 2% of BW daily.
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Figure 8. Prediction (�) of the fixed components of the mixed model vs. the mixed model prediction for bacterial
N (BactN) yield. Residuals (o) of the mixed model are shown in the graph. The linear regression was fixed model =
(0.16 × mixed model) + 11.41 (r2 = 0.197).

Figure 9. Bacterial N (BactN) yield as a function of dietary N content. Raw (crosses) and reference diet adjusted
(squares) data are shown in the graph. The regression equation was BactN = [0.145 (±0.008) × dietary N] + 10.54
(±0.219) g of N/kg of OMI (r2 = 0.407). Data were adjusted to a reference diet with a NDF content of 32% and
carbohydrates of medium fermentation rate, ingested at an intake level of 2% of BW daily.
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Figure 10. Prediction (�) of the fixed components of the mixed model vs. the mixed model prediction for small
intestine digested N (SID N). Residuals (o) of the mixed model are shown in the graph. The linear regression was:
fixed model = (0.812 × mixed model) + 5.46 (r2 = 0.882).

Figure 11. Small intestine digested N (SID N) as a function of duodenal N content. Raw (crosses) and reference
diet adjusted (squares) data are shown in the graph. The regression equation was SID N = [0.754 (±0.01) × duodenal
N] − 5.60 (±0.53) g of N/kg of duodenal OM (r2 = 0.974). Data were adjusted to a reference diet with a NDF content
of 32% and carbohydrates of medium fermentation rate, with a duodenal passage rate of 1.1% of BW daily.
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Figure 12. Prediction of the fixed components of the mixed model vs. the mixed model prediction for large intestine
digested N (LID N). Residuals of the mixed model were omitted from the graph for clarity. The linear regression was
fixed model = (0.233 × mixed model) + 0.39 (r2 = 0.128).

Figure 13. Large intestine digested N (LID N) as a function of ileal N content. Raw (crosses) and reference diet
adjusted (squares) data are shown in the graph. The regression equation was LID N = [0.489 (±0.28) × ileal N] − 15.62
(±0.80) g of N/kg of ileal OM (r2 = 0.727). Data were adjusted to a reference diet with a NDF content of 32% and
carbohydrates of medium fermentation rate, with an ileal passage rate of 0.64% of BW daily.
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with mean zero, and no trend was evident (Figure 8).
The fixed model explained approximately 20% of the
predictions made by the mixed model. When the ad-
justed BactN was regressed against the dietary N (Fig-
ure 9) it showed an intercept of 10.5 g of N/kg of OMI
and a slope of 0.15.

Based on 117 treatment diets in 26 studies, the model
for the prediction of small intestine apparently digested
N (SID N) included N, concentrate content of the diet,
and intake level (Table 3). The residual plot for the
mixed model showed residuals normally distributed
with mean zero and no evident trend (Figure 10). The
fixed model explained approximately 88% (r2 = 0.882)
of the predictions made by the mixed model. The ad-
justed SID N, as well as the raw data, plotted against
the duodenal N are shown in Figure 11. For the refer-
ence diet the small intestinal N digestibility was 0.75
and the EN reaching the ileum was 5.6 g of N/kg of
duodenal OM.

The model that best predicted large intestine di-
gested N (LID N) included N, rate of dietary carbohy-
drate fermentation, NDF entering the large intestine,
and intake level. However, only 38 dietary treatments
in 8 studies reported NDF reaching the hindgut, and
because data were limited, this variable was removed
from the model. The analysis was then performed on
120 dietary treatments in 26 studies and results are
shown in Table 3. The residual plot showed residuals
normally distributed with mean zero and no trend was
evident, but residuals showed high dispersion (data not
shown). The fixed model explained approximately 13%
(r2 = 0.128) of the predictions made by the mixed model
(Figure 12). The adjusted LID N, as well as the raw
data plotted against the ileal N, is shown in Figure 13.
For the reference diet the large intestinal N digestibility
was 0.49 and the EN appearing in the feces was 15.6
g of N/kg of ileal OM.

The mixed model that best predicted the ruminal
apparent digestibility of OM included dietary N, NDF,
rate of carbohydrate fermentation, and intake level (Ta-
ble 3). To estimate the passage of OM into the duode-
num, the reference diet with a dietary N content of 24.2
g/kg of OM was utilized and yielded a value of 0.55 kg
of duodenal OM/kg of OMI. Likewise, the model that
best predicted the small intestinal apparent digestibil-
ity of OM included duodenal N, duodenal NDF, rate of
carbohydrate fermentation, and level of digesta passing
into the duodenum (Table 3). For the reference diet, a
value of 0.58 kg of ileal OM/kg of duodenal OM was es-
timated.

DISCUSSION

Current estimates of MFN have been determined by
regression analysis or by feeding protein-free diets to
the experimental animals (NRC, 2001). Swanson (1977)
calculated a MFN of 4.7 g of N/kg of DMI from data for
cattle fed 70 natural and semisynthetic very low protein
diets. Limitations of the protein-free diet approach are

that, by design, these diets are rather unusual; that
feed intake is usually reduced when N is deficient; and
that animals might adapt to the low protein diets in-
gested and thus the estimates obtained might not repre-
sent the MFN under normal feeding conditions. An al-
ternative is to obtain MFN estimates by regressing TTD
N vs. N intake (or N content of the diet). Different
values for the MFN have been obtained utilizing the
regression approach (2.9 g of N/kg of DMI, Waldo and
Glenn, 1984; 3.48 g of N/kg of DMI, Holter and Reid,
1959; 4.3 g of N/kg of DMI, Jonker et al., 1998; 4.8 to
5.5 g of N/kg of DMI, Kauffman and St-Pierre, 2001).
These estimates, however, ignore the fact that more
factors might be involved in determining EN losses. In
the current study, the TTD N was affected not only by
the N content of the diet, but also by NDF content
and the fermentation rate of dietary carbohydrates. Al-
though NDF reduced the apparently digested N, rapidly
fermenting carbohydrates increased the total tract di-
gestibility. Thus, slow fermenting carbohydrates might
reach the lower gut where they provide energy to the
resident microbes, stimulating hindgut fermentation
and trapping of N, which then appears in the feces.
When the multidimensionality of MFN losses were
taken into account (Figure 2), an estimate of 4.3 g of
N/kg of OM for the reference diet (32% NDF, carbohy-
drates medium fermentation rate) was obtained. This
value, when expressed in DM (3.96 g of N/kg of DM,
assuming an OM content of 0.92), is lower than the one
reported by Swanson (1977) and used by the NRC since
1985 (NRC, 1985). Ignoring the multidimensionality of
MFN losses, however, a value of 3.04 g of N/kg of DM
(from 3.3 g of N/kg of OM in Table 3) is obtained, closer
to the one reported by Holter and Reid (1954) in which
low fiber-high protein lush forages were fed.

The slope of the regression for TTD N in the present
analysis indicated that the true digestibility of the di-
etary N was 0.84. The high coefficient of determination
(r2 = 0.98) indicates that N behaves as a uniform frac-
tion in the GI tract of ruminants, which is a requirement
for this type of statistical analysis (Van Soest, 1994).
Almost identical values for the total tract true digest-
ibility of N (0.83) have been previously reported (Jonker
et al., 1998; Kauffman and St-Pierre, 2001), although
a wider range can be found in the literature ranging
from 0.76 (Kohn et al., 2005) to 0.95, for green forages
(Holter and Reid, 1959).

For TTD N, the random effects of the mixed model
explained a small proportion of the mixed model (∼6%).
This was the smallest study effect observed for any of
the variables analyzed. The estimation of TTD N is
relatively direct, compared with the other variables an-
alyzed, depending only on N intake and fecal N excre-
tion. However, good study agreement does not necessar-
ily imply that a true value was obtained. The N balance
technique is known to systematically overestimate N
retention (Macrae et al., 1993), and even in the most
carefully controlled conditions (Rasch and Benevenga,
2004) not all the N could be accounted for. Methods
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Figure 14. Nitrogen transactions along the gastrointestinal tract of cattle for an example diet (32% NDF, carbohydrates
of medium degradation rate, consumed at 2% of BW daily, on an OM basis) containing 24.2 g of N/kg of OM. All
fluxes expressed in g of N/kg of OM intake. Nitrogen entering the small intestine is composed of ruminal undegraded
feed N (RUN), bacterial N (BactN), and free endogenous N reaching the duodenum (END). The estimates for the
endogenous N entering each compartment are minimal estimates, which is indicated by the letters A, B, and C.

used for handling and drying feces (both oven and
freeze-drying) has been shown to cause the loss of a
substantial fraction of fecal N (Spanghero and Kowal-
ski, 1997). It seems that oven-drying feces at 60°C can
cause a loss of ∼15% of the fecal N (Flatt et al., 1961;
Juko et al., 1961), and higher losses can occur at higher
temperatures (Hutchinson and Morris, 1936). Because
feces were oven-dried or freeze-dried in the studies ana-
lyzed, values reported in the present work might in-
clude a systematic bias.

Ruminal N balance was negative when the dietary
content of N was low, becoming neutral when the diet
of reference reached 26.2 g of N/kg of OM (Figure 5).
This implies that, when expressed on a DM basis, diets
with less than 15.1% CP resulted in a net gain of N
during their passage through the rumen. Ruminal N
balance is an indirect indicator of N availability for
microbial protein synthesis (NRC, 2001), and negative
N balances maximize the usage of N. Rapidly fer-
menting carbohydrate further increased the utilization
of ruminal N, reducing ruminal N balance. Increasing
the rate of carbohydrate fermentation for the diet of
reference would increase the point (29.2 g of N/kg of
OM) at which ruminal N balance becomes neutral, con-
sistent with an increased supply of energy for microbial
growth and more efficient capture of ruminal N.

The true ruminal digestibility of N was 0.68 and the
free EN exiting the foregut for the reference diet was
3.17 g of N/kg of OMI (Figure 7). Most studies used
duodenally cannulated animals, thus this estimate in-
cludes abomasal secretions and, at least in theory,
should be higher than omasal EN passage. However,
actual measurements in both omasal and duodenal
samples have been unable to detect any difference re-
garding of N passage (Punia et al., 1989; Ahvenjarvi et

al., 2000). Although NDF and carbohydrate fermenta-
tion rate were included in the model (Table 3), the esti-
mates were not different than zero. These variables are
unlikely to affect the true digestibility of dietary N or
the EN entering the foregut. In a recent study utilizing
15N labeling of the experimental animals, Ouellet et al.
(2002) determined that the EN exiting the foregut was
not affected by fiber content of the diet and was 2.4 or
4.6 g of N/kg of OMI, depending on the precursor pool
for EN synthesis considered (mucosal or plasma pools,
respectively). Level of intake, however, reduced the
amount of EN per kilogram OM exiting the foregut and
it was likely because of the shorter residence time of
the feed in this part of the GI tract or dilution by the
larger feed intake (Table 3). A reduction in abomasal
EN secretions per kg of OMI with increasing feed intake
has been reported previously in steers (Hart and Leib-
holz, 1990). Estimations of EN reaching the duodenum
using low protein diets (∼2.1 g of N/kg of DMI, Brandt
et al., 1980; 8.5 g of N/kg of DMI, Hart and Leibholz,
1990) or intragastric infusion of nutrients (58 mg of N/
kg of BW0.75; Orskov et al., 1986) have yielded disparate
values for the duodenal flow of EN. The NRC (2001)
has adopted a value of 1.9 g of N/kg of DMI based on
these studies. However, this value is subject to the same
criticisms made to the use of low protein diets for the
estimation of MFN and might not be directly applicable
to animals under common feeding practices.

The fixed effects of the mixed model were poor pre-
dictors (r2 = 0.197; Figure 8) of BactN passage to the
duodenum. Because microbial metabolism in the rumen
is regulated primarily by the amount and fermentation
rate of carbohydrates (Stern et al., 1994), microbial pro-
duction was not adequately captured by the simple de-
scription of these parameters in the model employed.
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However, the determination of microbial yield relies on
many different factors that might contribute to the
large interstudy variability observed. Most studies uti-
lized purines as an internal microbial marker, but a
few used diaminopimelic acid or 15N. Purines were gen-
erally analyzed utilizing the method of Zinn and Owens
(1986), but numerous authors have introduced modifi-
cations which affect the final values obtained (Obispo
and Dehority, 1999). Even when different research cen-
ters agreed to follow a set protocol for the determination
of diaminopimelic acid, interlaboratory variability was
observed (Robinson et al., 1990). Microbial marker
choice (Siddons et al., 1982; Perez et al., 1996), markers
to determine digesta flow (Egan and Doyle, 1984; Faich-
ney and White, 1988), type of cannula and cannula
placement (Robinson and Kennelly, 1990; Harmon and
Richards, 1997), microbial isolation and sample han-
dling (Siddons et al., 1982; Whitelaw et al., 1984; Stern
et al., 1994), and sampling protocol (Gill et al., 1999)
were also likely to affect the outcome of this measure-
ment (Ahvenjarvi et al., 2000).

Dietary N increased BactN yield with an efficiency
of 0.15 (Figure 9), which might be related to a higher
microbial efficiency when preformed AA are available.
Assuming that 60% of the dietary OM was truly di-
gested in the rumen, microbial efficiency ranged from
20 to 27.5 g of BactN/kg of OM fermented for diets
ranging from 10 to 40 g of N/kg of OMI. This range falls
well within the large range reported in the literature
(12 to 54 g of BactN/kg of OM fermented; NRC 2001).
The intercept of the BactN equation (10.54 g of BactN/
kg of OMI) represents the amount of EN incorporated
into microbial nitrogenous compounds when the ani-
mals are fed a N-free diet.

Similar to the rumen, the level of duodenal digesta
flow decreased the small intestinal EN, possibly be-
cause of an increase in transit time or by dilution by the
larger duodenal flow (Table 3). The true small intestinal
digestibility of N and the EN reaching the ileum for
the reference diet were 0.75 and 5.23 g of N/kg of duode-
nal OM, respectively (Figure 11). The N entering the
duodenum is composed of BactN, EN, and ruminally
undegraded feed N (RUN), which are digested to differ-
ent extents in the small intestine. The true digestibility
of BactN has been estimated to be 0.82 (Storm et al.,
1983a,b), and a value of 0.80 has been used for the true
protein in EN (NRC, 2001), although lower values have
been reported (0.6, Sandek et al., 2001). Although most
of the EN enters the proximal small intestine (foregut
EN, pancreatic and hepatic secretions) and thus has
ample opportunity to be digested and absorbed, EN
entering the distal small intestine is unlikely to be di-
gested and its AA reabsorbed before reaching the hind-
gut. The third nitrogenous component of the duodenal
digesta, RUN, has a variable small intestinal digestibil-
ity depending on the feedstuffs that composed the diet.
Although a fixed value of 0.8 has been used for RUN
in the past (NRC, 1985, 1989), a variable digestibility

between 0.5 and 1 depending on feedstuff has now been
adopted (NRC, 2001).

The hindgut, like the rumen, harbors an active micro-
bial population capable of utilizing available N. The N
balance across the hindgut was negative when the ileal
N content was below 31.9 g/kg of ileal OM. The true
large intestinal N digestibility was 0.49, reflecting the
low digestibility of the N reaching the terminal ileum.

The true digestibility of N and the EN entering the
different segments can be integrated to describe the N
transactions along the whole GI tract. The N transac-
tions for the reference diet, with a N content of 24.2
g/kg of OM, are shown in Figure 14. Details of the
calculations are shown in the Appendix.

Rumen available N originated from the feed (16.37
g/kg of OMI) and from EN entering the rumen (10.54
g/kg of OMI). Ruminal EN represented 39.2% of the
total ruminal available N for microbial protein synthe-
sis, a value higher than that (16%) reported by Kluth
et al. (2000), but still lower than the 60% reported by
Siddons et al. (1985). The diet provided 25.17 g of N/
kg of OMI and 0.55 kg of OM/kg of OMI at the duode-
num, and the N consisted of 56% BactN (14.05 g of N/
kg of OMI), 31% RUN (7.83 g of N/kg of OMI), and 13%
free EN (3.29 g of N/kg of OMI). The proportion of free
EN in duodenal contents shows good agreement with
values reported in the literature (9 to 12%, Brandt et
al., 1980; 8%, Van Bruchem et al., 1997; 12%, Ouellet
et al., 2002). If rumen microbes do not discriminate
between feed N and EN for microbial protein synthesis,
5.50 g of BactN/kg of OMI originated from EN. Although
the present approach does not allow for a differentiation
between the contribution of urea N and other sources
of EN, it seems that they contribute roughly equally to
BactN (Ouellet et al., 2002). The duodenal entry of free
EN and microbial N that originated from EN was 8.79
g of N/kg of OMI or 34.9% of the total N entering the
duodenum. This last value is similar to the 31 to 37%
observed by Ouellet et al. (2002) when plasma was con-
sidered as the precursor for EN. Furthermore, approxi-
mately one-third of the total duodenal N originating
from endogenous sources was free EN, which agrees
with the findings of these researchers.

From the duodenal inflow of N and the minimal esti-
mate of EN (3.10 g of N/kg of OMI) that entered the
small intestine, at least 18.99 g of N/kg of OMI were
absorbed resulting in 9.29 g of N/kg of OMI reaching the
terminal ileum. In the hindgut, an additional (minimal)
5.00 g of N/kg of OMI entered as EN, and (at least) 4.54
g of N/kg of OMI was absorbed (Figure 14). The fecal
excretion resulted in 9.75 g of N/kg of OMI. For the
same diet, the fecal N excretion calculated directly from
the regression in Figure 2 yielded 8.13 g of N/kg of OMI.

The agreement between both methods for calculating
fecal N excretion for the reference diet improved as the
N content of diet increased. When the diet reached 40
g of N/kg of OM, the predictions were 10.74 and 10.62
N/kg of OMI for the indirect and direct methods, respec-
tively. The direct method, however, was based on the
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complete database, whereas the step-by-step integ-
rative approach was based on a smaller subset. Studies
with ileally cannulated cattle were less frequent (26 of
108) and ileal NDF was determined in only 8 cases.

Other limitations of the database compiled are evi-
dent. Because a meta-analysis is a summation of trials,
it is only as good as the trials that are combined in the
meta-analysis. As previously discussed, the drying of
feces was likely to introduce a systematic bias to the
values obtained. Limited descriptions of the experimen-
tal diets in some of the studies prevented a better char-
acterization of the covariates tested. The different ana-
lytical methodologies also increased the heterogeneity
of the data. The problem of heterogeneity in meta-anal-
ysis can be estimated, but confidence intervals for pre-
dicted values are larger (Burnham and Anderson,
1998). The heterogeneity of animals and diets, however,
may actually strengthen the meta-analysis by allowing
a generalization of the results obtained to be applied
to a broader group of different conditions (Flather et
al., 1997).

Some limitations were associated with the way data
were reported. Some studies resorted to factorial ar-
rangements of treatments, reporting main effects in-
stead of the means of the actual treatments. Further,
the recalculation of data prevented the estimation of
the error associated with the means, and thus pre-
cluded the use of proper weighting of the means during
the analysis. A relatively recent development in meta-
analysis has been the pooling of individual data from
the original trials (Flather et al., 1997). The advent of
electronic publishing, which has largely overcome space
limitations in hard-copy publishing, allows supplemen-
tal materials to be copublished, including raw data.
This will allow for improvement in future analyses (Lin
et al., 2004).

In summary, N is not only absorbed from the GI
tract, but large quantities of N are also secreted into
its lumen. This EN can account for a relatively large
proportion of the N available in the rumen for microbial
protein synthesis and of the total N reaching the duode-
num. The contribution of EN has received little atten-
tion in the past and current estimates have been de-
rived from data obtained in rather artificial conditions.
More realistic values from cattle fed common diets are
needed. Our estimates of N transactions along the GI
tract of cattle represent mean values from experimental
diets, most of which were fed under normal conditions.
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APPENDIX

The following calculations describe the N transac-
tions for the reference diet (Figure 14) along the whole
GI tract of cattle and are based on the intercepts and
slopes shown in Figures 2, 5, 7, 9, 11, and 13. The
reference diet OM basis, contained 32% NDF and carbo-
hydrates of medium fermentation rate, ingested at an
intake level of 2% of BW daily. For this simulation, a
dietary N content of 24.2 g/kg of OM intake (OMI) was
utilized. Digesta passage to the duodenum and hindgut
for this diet was 0.55 and 0.32 kg of OM/kg of OMI (see
below), respectively.

Rumen available N (RDN) originating from feed was
calculated by multiplying the N content of the diet (di-
etary N) by the ruminal degradability of feed N (Ndegrad,
Figure 7), as

RDN = dietary N × Ndegrad, and [1]

RDn = 24.2 g/kg of OMI × 0.676 = 16.37 g/kg of OMI,

and the minimal amount of endogenous N (EN) enter-
ing the rumen and used for microbial synthetic pro-
cesses was computed from the intercept shown in Ap-
pendix Figure 9 (10.54 g/kg of OMI). [2]

Thus the minimal contribution of ruminal EN (ENR)
to the total N available in the rumen was

ENR (%) = 10.54/ (10.54 + 16.37) = 39.2%. [3]

Microbial N (BactN) was calculated utilizing the co-
efficients shown in Figure 9, as

Bactn = 0.145 × 24.2 g/kg of OMI [4]

+ 10.54 g/kg of OMI = 14.05 g/kg of OMI,

and the minimal contribution of ruminal EN to BactN
was calculated assuming that N degraded in the foregut
behaved similarly, independently of its origin, as
follows:

ENR→Bactn = 39.2% × [5]

14.05 g/kg of OMI = 5.50 g/kg of OMI.

Total duodenal N (DN), the total N exiting the foregut
and entering the duodenum, was calculated based on
N intake and ruminal N balance (RAD, Figure 5), as

DN = NI − RAD, and DN = 24.2 g/kg of OMI −

(0.512 × 24.2 g/kg of OMI − [6]

13.36 g/kg of OMI) = 25.17 g/kg of OMI.

The N absorbed by the foregut was then calculated
by mass difference between inputs (dietary N and ENR)
and output (N passage to the duodenum), as follows:
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N absorbed = dietary N + ENR

− DN, and N absorbed = 24.2 + 10.54 [7]

− 25.17 = 9.57 g/kg of OMI.

The ruminal undegraded feed N (RUN) was esti-
mated by difference between N intake and feed N de-
graded in the rumen, as

RUN = 24.2 − 16.37 = 7.83 g/kg of OMI. [8]

The free EN reaching the duodenum (END) was ob-
tained by the difference between total N entering the
duodenum and the contributions made by BactN and
RUN, as

END = DN − BactN − RUN, and [9]

END = 25.17 − 14.05 − 7.83 = 3.29 g/kg of OMI.

The contribution of each source of duodenal N can
then be calculated as a percentage of the total (56% for
BactN, 31% RUN, and 13% free EN). The contribution
of endogenous N to the duodenal N flow (TEND) can
be either directly as free EN or as EN incorporated into
BactN, and can be calculated by addition, as follows:

TEND = ENR→BactN + END, and [10]

TEND = 5.50 + 3.29 = 8.79 g/kg of OMI.

The amount of OM reaching the duodenum was esti-
mated (0.55 g of OM/kg of OMI) based on Table 3 and
the N absorbed in the small intestine (SIDN) was calcu-
lated utilizing the true digestibility coefficient (0.754)
from Figure 11, as

SIDN = 25.17 g/kg of OMI [11]

× 0.754 = 18.99 g/kg of OMI,

and the minimal amount of EN entering the small intes-
tine (ENSI) was estimated based on the intercept of

the SID equation and the entry of duodenal OM/OMI,
as follows:

ENSI = 5.60 g/kg of duodenal OM

× 0.55 kg of duodenal OM/kg of OMI = [12]

3.10 g/kg of OMI.

Total ileal N (TIN), the N reaching the terminal il-
eum/entering the hindgut, was calculated as

TIN = DN + ENSI − SIDN, and [13]

TIN = 25.17 + 3.10 − 18.99 = 9.29 g/kg of OMI.

The amount of OM reaching the hindgut was calcu-
lated (0.32 kg of OM/kg of OMI) based on Table 3, and
the EN entering the large intestine (ENLI) was esti-
mated based on the entry of OM, as follows:

ENLI = 15.6 g/kg of ileal OM [14]

× 0.32 kg of ileal OM/kg of OMI = 5.00 g/kg of OMI,

and the N absorbed in the large intestine (LIDN), based
on the true digestibility of N in the hindgut (Figure 13),
was calculated as

LIDN = 9.29 × 0.489 = 4.54 g/kg of OMI. [15]

The N excreted in feces can then be obtained by dif-
ference:

FN = TIN + ENLI − LIDN, and [16]

FN = 9.29 + 5.00 − 4.54 = 9.75 g/kg of OMI.

Alternatively, fecal N can be calculated directly from
coefficients in Figure 2, as

FN = 24.2 × (1 − 0.842) [17]

+ 4.3 = 8.13 g/kg of OMI.
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